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I. OBJECTIVES OF RESEARCH

Planned researc h consisted of a study of reactions of active

nitrogen , largely N(4S), (produced by a microwave-supported glow discharge

in N2) with organic compounds in solution in liquid water or other unre-

active solvents . The objective was to identify nitrogen fixation reactions

of potential synthetic utility and to investi gate chemical nechan i sm of

one or more such reactions. The basis for this objective was the prior

observation in our laboratory (1) that active nitrogen converted 1-lOM

1. C. 1. Chen and N. N. Lichtin , J. Amer. Chem. Soc ., ~~~~ 5922 (1971).

aqueous ethanol to acetamide wi th a fixation efficiency of ‘~6O%, i.e., the

yield of CH3CONH2 corresponded to ‘~6O% of the N(
4S) in the gas stream

bubbled through the solution .

II. RESEARCH RESULTS

Independent work by three different investigators In this

laboratory (Drs. D. Levy, M. J. Brooks and V. Franchetti) failed to repeat

the reported conversion of ethanol to CH3CONH2. The reason for these

discrepant results remains unknown . The reactions of aqueous methanol (2)

2. C. 1. Chen and N. N. Lichtin, J. Amer. Chem. Soc., 92, 7506 (1970).

and ethanol with active nitrogen were therefor reinvestigated and the

reactions of the neat liquid alcohols were studied extensively. In all

cases, HCN was found to be the only product of fixation of nitrogen formed

in substantial amounts, i.e., of the order of 10 to 30 molecules per 100

atoms of N(4S) incident. Under some conditions, smaller amounts of NH3,

e.g., 1 to4 molec/lOO atoms of N(4S) was formed. No other nitrogenous 

~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-.—
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products were Identif led. The remaining Identified products included

glycols , aldelydes and H2. Since it appeared that the original goal of

the project could not be realized, the effort was redirected towards

elucidation of mechanism of formation of the observed products.

In addition to identification of products , experiments included

measurement of product yields from aqueous solutions of varying concen-

tration and from the neat alcohols over a range of temperatures from -16

to —9 1°C . Active nitrogen was Introduced by bubbling beneath the surface

of bulk liquid or by impinging upon the surface. In some experiments ,

reaction took place in the gas phase or reactants were mixed in the gas

phase and bubbled beneath the surface of bulk liquid. The effect of a

wide range of concentrations of FeCl 3 on y ie lds  of products was investi-

gated. The Isotopic concentration of molecular hydrogen produced by the

reaction of neat liquid CH3OD at _790 was determined. The EPR spectra of

radicals formed by addition to phenyl-t-butyl nitrone during the reaction

of active nitrogen wi th neat li quid CH 3OH were measured .

The major organic products from neat lic~uid methanol at -79°C

are (CH 2OH) 2 and CH2O. Correspondingly, (CH3CHOH )2 and CH3CHO are fo rmed

from ethanol along wi th smaller amounts of (CH2CH 2OH)2, CH3CHOHCH 2OH and

CH2O. H2 is the product formed In largest yield from methanol. (The

yield of H2 from ethanol was not studied , nor were yiel ds of CO measured.)

Quantitative data are sumarized in Tabl es 1-8. Hydrogen produced from

CH3OD consisted of approximately equal amounts of H2 and HD but D2 was not
detectable. Spin trapping experiments indicated that both H atoms and

CH2OH radicals are produced from CH3OH. However, the effect of Fe(III) on

—- . . .. ~~~~~~~~—~~- ..-- ~~~—“~~~~—-  _ _
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yields of H2, glycols and aldehydes produced in experiments where active

nitrogen was bubbled beneath the l iquid surface,as well as other data,

Ind icated that only a minor fraction of the observed products were formed

by reactions of free radicals in the bulk. Yields were not influenced

significantly by Fe(III) when the stream of active nitrogen was impinged

on the surface of either methanol or ethanol .

III. CONCLUSIONS

All data now at hand appear to be consistent with chemical

changes originating largely in molecular decomposition in localized regions

caused by the deposition at or near the gas-liquid interface of either the

entire energy of recambination of nitrogen atoms, 225 Kcal/rnole, or of the

decay energy ofN~A~~), 142 Kcal/mole in the v=o state. The proposed local-

ized regions of energy deposItion resemble the “spur” regions which are

well known in the radiolysis of water.

A more detailed statement of some of our data and the basis for

our conclusions is presented in reference 1 of the bibliography which

follows In section V. A copy of this prelimi nary publication is included

In this report. A complete article is in preparation and will be submitted

to ARO when it is available.

IV. TABLES OF DATA
Table 1

ACTIVE NITROGEN BUBBLED THROUGH AQ. MeOH AT 5 + 3° C

[MeOH] 102x Moles of Product/i Atom of N N(~S)

M (CH2OH)2 CH2O HCN NH3 i~ mole/sec

2 3,7 + .2 3.8 + 1.9 14.5 + 1.6 1.2 + .3 1.8
5 3.6 ~ .2 5.5 ~ 2.2 15.8 ~ 3.0 1.2 i~ .2 1.8 + .2
10 2.8 ± .8 12.2 ~ 2.8 25.8 1 2.4 2.0 ~ .3 1.8 + .2
15 3.2 + .3 8.7 + 1.6 18.8 + 2.9 1.4 ~ .4 2.0 + .1

. - .~~~~- ~~~~~~~~~~~~~~~~~~~~ - -  . -~-
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- Table 2

ACTIVE NITROGEN BUBBLED THROUGH NEAT LIQUID MeOH

Temp 102 x Moles of Product/g Atom of N N(~S)

(CH2OH)2 CH2O HCN NH3 H2 pmole/sec

-16 4.2 + .3 8.5 + 1.0 10.6 + 1.8 1.2 + .3 2.4 + .1
~-46 5.5 12.7 11.1 

— 

0.0~~ 2.2
—74 6.5 12.3 10.1 0.0 - 2.1 - -

—79 7.8 + .3 14.0 + .4 6.3 + .3 0.0 32.0 + 2.4 1 .2 + .05
—91 7.7 

— 

13.7 
— 

10.4 1 1 — 

(l.2T

Table 3

ACTIVE NITROGEN BUBBLED THROUGH SOLUTIONS
OF SCAVANGERS IN NEAT LIQUID MeOH AT -79°C

[Scavanger] i02 x Moles of Product/g. Atom of N N(45)

N (CH 2OH)2 CH2O HCN H2 pmole/sec.

None 7.8±.3 14.O±.4 6.3±.3 32.0±2.4 1.2
FeC13,.0003 2.8±.1 18.6±.2 6.6 19.4±2.0 1.3
FeC13,.O0lO 3.1±.4 l8.0±.8 6.8 18.2±4.0
FeC13,.O1O 3.5±.4 18.5±.4 6.7 10.4±.4 ()•2)a

FeCl3,.1O 3.3±.3 17.1±.3 6.8 7.l±.1 (1 2)a

FeCl3,.675 3.4 6.4 (1•2)a

MyC12,.OO1O 9.1 13.6 1.2
FeSO4,.O1O 14.7±.5 33.0±1.7 1.2

a. Assumed.

_ _ _ _ _ _  —,~~..  ~~—.- ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~



1~— 5 -

I
TaI~le 4

ACTIVE NITROGEN ItIPINGED ON NEAT LIQUID MeOH

Te~p~ Scavenger 102 x Moles of Product/g. Atom N N(”S)

°C (CH2OH)2 CH2O HCN H2 timole/sec

—79 None 8.3 + ,4 13.5 + .4 11.1 ± .4 30.0 (1 2)a
—79 FeCI 3,.QO10 ~~ 

j 1.0 11.1 ~ 1.0 10.1 -F .3 26.4 1.3 a—79 FeC1 3,.005 8.3 + .1 12,7 i~ .8 9.8 + .9 (1s2) a—79 FeC1 3,.O1O 6.8 + .3 12.6 + £ 10.3 + .1 28.1 (1.2)

—91 None 5.9 12.3 8.5 1.2 a—94 None 5.1 9.6 12.3 (1.2)

a. Assumed

Table 5

ACTIVE NITROGEN WIT H METHANOL VAPOR AT ROOM TEMPERATURE
Total
Pressure 102 x Moles of Product/g. Atom N MeOH N(~S)
Torr (CH20H)2 CH2O HCN pmole/sec
2.0 0.6 0.5 1.2 .93 1.38.5 1.5 1.2 3.9 .97 1.3

Table 6

ACTIVE NITROGEN PREMIXED WITH f’IETHANOL VAPOR REACTING WITH NEAT LIQUIDS
Total

Pressure Liquid Temp 102 x Moles of Product /g. Atom N MeOH N(”S)
Torr °C (CH2OH)2 CH 2O HCN NH 3 pmole/sec

10 1120 ‘~25 4.6 1.4 12.5 3.2 3.1 2.5
10 MeOH —10 3.0 7.0 17.0 0.4 .8 2.2
7 MeOM —79 10.0 10.4 10.9 0.0 .9 2.1

— ~— &—..—--.-.&--— —— -..-——
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Table 7

ACTIVE NiTROGEN WiTH LIQUID AQUEOUS ETHANOL AT 5 ± 3°C

[EtOH) 102 x Moles of Product/g. Atom EtOll 
_____

14 CH3CHO HCN NH3 ~.zmole/sec

2 1.3±.2 17.0±2.5 3.4±1.1 1.2±.1

5 .8±.1 18.7±2.1 3.7±1.1 1.3±.2

10 25.8 1.5

11 21.0 1.0

13 30.0 1.0

15 32.0 1.0

17 1.3 9.5 3.9 (1~2)a

a. Assumed

_ _
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The Basis for Chemical Attack b~- Ac t he Nitrogen Molecular hydrogen obtained w ith CII 30D as substrate did
on Liquid Methanol. Induction of Molecular not contain a si gnificant amount of D2 and was composed of
Decomposition by Recon ibina t ion E ents approximatel y equal amounts of HD and H2. The only sig-

nificant components of the EPR spin adduct spectrum w ere
Sir: a tr iplet of tri plets , a’.. = 15. 7 and alt = 8.4 g. and a tri plet

Although (CH2OH)2 and C1120 are, in addition to of doublets, a’., = 15.2 and all = 3.6 g. These can be as-
HCN. the only organic compounds formed in significant si gned respectivel y to t he adducts of H ~~~~~ and
yield by the reaction at 9°C of ”active nitrogen” with aque- .CII2OH or .Clf .~’ -Cu 3 can be excluded as a significant
ous methanol,’ ne ither the ratioof their yields 2 ((C1120 H)2/ intermediate because Cl-I., could not be detected in the gas-
CF120 = 0.25) nor the large increase in production of cous products by either gas chromatograp hy or mass spec-
(CH2OH)~ w hen tetranitromethane is used as a scavenger 3 trometry.
is Consistent with their formation via combination and dis- Fcrric chloride has little , if any , ef fect on the yield of
proportionation of free .C112011 radical . We now report re- IICN 3 X l0~~ M FeCI3 alters the yield of (Cll2Ol I)2 and
suits of an investigation of the reaction of “active nitrogen” CH2O by amounts which are not changed on increasi ng the
with neat liquid methanol at ~~ 790 , These results show that concentration of scavenger up to I X 1 0 ’  Al. In contrast .
.Clj - .OII radicals and H atoms are formed but that free the y ield of H2 is affected equall y by 3 X l0~~ and I
radicals homogeneously distributed in bulk solution arc pre- lO~~ M scavenger but is reduced further b~ I X I0~~ M
cursors of only a minor portion of the observed stable prod- and somewhat more by I X 1 0 ’  V FeCl,. The decrease in
ucts. It is proposed that chemical changes are initiated by y ield of H2 by up to I X I0~~ M FeCh I’. equal w ithin cx-
decompos ition of methanol molecules by deposition of ener- pcrimcntal error to twice the observed decrease in gl~col
gy of rccombin at ion of nitrogen atoms ; part of the products y ield. This approximate equality indicates that the precur .
arc produced by direct dissociation to stable molecules, part sor of most of the .ccat cngeahl( ’ glvcol is -CH 2OII radica l
via the intermediacy of free radicals, formed in bulk solution by reaction 3. rat her than formed

“Active nitrogen” was produced in a fast-flow , low vacu- directl y by action of N atoms upon C113011 .
urn system4 by irradiation with 2450-\lHi microwaves.
The flow rate of N(4S) was determined by NO tit ration.5 H + C11 0l4 112 + .C112011 (3)
The reaction flask was cooled by a Dry Ice—acetone bath
and the solution temperature was measured during reaction Apparent ly , even at t he lowest concentration of IcCI, used .
by means of a t hermocoup le. Y~clds of HCN.t~ Cl- l2O.~ and all II atoms which diffuse into bulk solut ion arc scaven ged.
(Cl12011)2 5 w ere determined by standard methods. 112 was It can be further noted t hat if free honiogcncousl~ distribut-
samp led by Toepler pumping and ana lyzed b~’ mass spec- ed •C1I~OH were the precursor of (Cl I 2Ol1)~ and Cl120.
trornetry or gas chromatograp hy. Phcny l-zt’rt-butvl nitrone react ion I would suppress (Cl1201 1)2 completely and in-
(PRN) was used to trap free radicals and identify them by crease t he yield of CH1O by an amount equal to tw ice the
EPR.9 yield of glycol plus t he yield of C1120 in the absence of

•CH2OH and II atom were the only radicals detected by scavenger , i.e., by 27.5 ± I in the units of Table I. The ob-
spin trapp ing (see below). This technique cannot give quan- served smal l increase in yield of CII2O in the presence of
t itative data because trapping ef ficiencies are not known. 0.0003-0. 1 M FeCI,, 3.7 ± 0.6, apparentl y reflects a minor
The radicals were monitored conveniently by means of their yield (i.e.. 3.7) of free .CH~OI1. The observed large y ield of
react ions with Fc(lII). ’° HD from CH;Ol) is also not consistent with formation of

all or most of the glycol and CH.O by combination and dis-
.CII2OH + Fe(III) CH2O + Fe(Ii) + II~ ( 1) proportionation of ~CI12OD. it is consistent w i th  unimolec-

H + Fe(lIl) Fe(lI) + ~~ (2) ular dissociation of a highly energetic CII ,OD molecule to
give CH2O and P-ID. Reduct ion of yields of 112. but not of

The isotopic composition of molecular hydrogen from C1-120, by high concentrations of EeCl 3 can be exp lained b~CH.,OD was used as a probe of precursors of C1120 and reaction 4.
glycol.

The only detectable products of the reaction with neat CH OII* + 2Fc(lll) —. CH2O + 2Fe(ll) + 2 11’
CU3OII were (CH~OH)2. CH2O, HCN. and H2. (See (4 )12

Table I for yields in the absence and presence of FeCh.)
Yields were not affected significantly by 0.001 M MgCl2. Presumably, unscavengeab le glycol rcsulis from a birnolec-

Table I. Product Yields”. b
(I0’ X moles of produet’ )/t.g atoms of incident N)

_____ 

(FeCI ,), V (Gl,Of I)~ Cf 1,0 HCN 1( 2
0 7.0 i 0.4 (10) 13.5 0.5 (ID) 5.6 ‘ 0.4 (ID) 28.7 i IS  141
3 x 10’ 2.6 • 0. 1 (2) 17.2 e 0.3 (2) 6.4 (I) 18.0 • 1.5 2
I x tO” 2.5 0.2 (2) 17.2 1.5 ( 2 )  6 .211 )  18.3 m 2 (3)
I X 1 0 2  2.9 s 0.5 (2)  17.0 1.4 (2) 6.4 (II 9.6 ‘ 1 (2 1
I x t O’’ 2.9 t 0.2 12) 17.3 • 1.2 (2 ) 6 , 3 ( l )  6.5 • I 1)

°f low rate of atomic nItroge n 1. 3 ‘s I0~ miii sec ’’ b lnd~~ t~.d i,fl . ert .i ifl l,es are st.ind.ird ,tc~i . ? i ~n’. eNumhers in pa re ntheses nd,cate 
- -

numbers or complete replicate ex periments. Analyses we re performed ~n tr~pli~j i~ lair ~‘sc r ~ rcpt ie.,te expci,ment.

_ _ _ _ _ _ _  
~~~~ -~~~~~ -.
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